high-reliability and high-rate services for high speed railway (HSR) passengers has drawn increasing research interests in recent years [1]-[12]. This system faces several challenges imposed by a high Doppler shift, by the estimation of rapidly time-varying channels and frequent handovers. Nevertheless, it also enjoys inherent advantages, such as a predictable vehicle speed and the location information provided by the dedicated communication based train control (CBTC) subsystem [13] .
a residential-area [19] . Furthermore, as the effects of Gaussian noise and of co-channel interference are substantially reduced, but the influence of pilot contamination which refers to the interference which results from unavoidable re-use of uplink pilot sequences by terminals in different cells still exists [20] . As a remedy, the authors of [21] combined -cients with another TPC design based on both the path-loss and shadowing for eliminating the inter-cell interference. For the uplink, the classic matched filter (MF) approaches the performance of the optimal maximum-likelihood detector, when the number of BS AEs is larger than the total number of MS transmit antennas, whilst the MMSE detector can support more users than the MF, when the pilot contamination is not excessive [22] .
Both single and multi-beam beamforming modes were analyzed in [23] , where the optimal number of beams was calculated under the intention of maximizing the users' sumrate by reducing the IBA. Both optimal singleand multi-beam TBF were proposed in [24] under per-antenna power constraints. In [25] the users were grouped according to the pathloss and each group was assigned a specific beamforming scheme [26] , which was demonstrated to achieve the same performance as the idealized scenario relying on hundreds of BS AEs, despite a 10-fold reduction in the number of AEs, e.g. from three hundred to thirty. In [15] and [27] , the users were divided into different groups according to their speed. Despite significant progress, most exciting contributions focus on conventional cellular systems, where the MSs roam at a low speed and have compact dimensions.
By contrast, in this paper the performance of dual-beam beamforming is analyzed in LS-MIMO aided HSR scenarios and a novel adaptive antenna-activation (AAA) based beamforming scheme is proposed for HSR scenarios. The proposed scheme exploits the high angular resolution of LS-MIMO for simultaneously achieving high array gain and track-side downlink transmitter, the beam can only be generated by adjusting the weighting factors of the array. However, when smallscale MIMO techniques are invoked in POCS, narrow beams due to their inaccurate angular resolution; hence the onboard receiver experiences a strong line-of-sight (LOS) path in most HSR scenarios, which limits the attainbeamforming remain limited in small-scale MIMO systems.
As a remedy, the emerging large-scale MIMO (LS-MIMO) techniques might be invoked but they impose further design challenges, especially in the context of the POCS of HSR. On the one hand, the more AEs the BS uses, the higher the angular resolution becomes [14] . Furthermore, multi-user MIMO techniques can be employed for achieving an increased multiplexing gain even in strong LOS scenarios [15] , provided that the number of BS AEs is higher than the number of single-antenna users [16] . It was predicted in [15] that LS-MIMO aided POCS are capable of serving as many as 42 mobile stations (MS) at a velocity of 320 to 574 km/h in each cell onboard the French Train a Grande Vitesse (TGV), whilst maintaining the SE as 36.5 bps/ Hz under the idealized simplifying assumption of having an unlimited number of BS AEs. On the other hand, when characterizing the performance of transmit beamforming/precoding (TBF/TPC) in LS-MIMO communication systems, it was suggested to take the angular power spectrum into consideration, because the effect of the far-field scattering environIn addition to TBF, there are also several generic TPC algorithms [18] [19] [20] [21] [22] . In [18] , a low-complexity zero-forcing (ZF) aided TPC scheme was proposed for achieving the same performance as eigenbeamforming, while requiring an order of magnitude fewer AEs. Both the ZF and the minimum mean squared error (MMSE) based precoding schemes were shown to reach 98% of the dirty-paper coding capacity with as few as 20 AEs at the BS in 
which guarantees that the signals transmitted to A and B can be distinguished by the receive antenna. Upon satisfying (1), from Fig. 1 , we have:
(2) As s changes smoothly from d min to R when the train moves from the cell center to the cell edge, the minimum number N min of the BS AEs to be activated at location s according to the angular resolution criterion can be calculated as follows:
B SCHEMES FOR LS-M MO C SYSTEMS OF HSR technique in HSR
Before the emergence of the LS-MIMO concept, it was impractical to implement the dumultiplexing gain.
The rest of this paper is organized as follows. In Section II we describe the application scenario considered, while Section III analyzes the dual-beam beamforming technique, which is then extended to the proposed AAA based beamforming scheme. Finally, in Section IV, the performance of these BF schemes is characterized, while Section V concludes the paper and suggests some future work.
TOPOLOGY OF HSR C SYSTEMS
We consider a linear topology for the LS-MI-MO aided HSR system of Fig. 1 Thus the received SINR at Antenna A is expressed as (5) . In this formula, the derivation from (5b) to (5c) is due to the fact that al-beam beamforming technique in HSR scenarios for two main reasons. Firstly, most of the HSR environments have a strong LOS path in open rural areas, which results in a high correlation amongst the channels. Secondly, when using a small number of BS AEs, we have a low angular resolution, which further aggravates the IBA since the difference between 1 and 2 in Fig.1 becomes small when the train is approaching the cell edge. Thus, dual-beam beamforming can only be effective in a limited area (i.e. around the cell center). By contrast, when relying on pencil beams generated by LS-MIMO arrays, the effective serving area of dual-beam beamforming is significantly extended. Let x 1 and x 2 denote the transmitted signals targeting at the MRS antennas A and B, respectively, assuming that E{|x i | 2 }=1, i = 1, 2.
Without loss of generality, the received signals at MRS antennas are given by:
(4) where f , N B , i , h i , w i and n i represent the total transmitting power, the number of serving beams, the composite effect of the pathloss and shadow fading from the BS to MRS antenna i, the channel vectors, the beamforming weight vectors and additive white Gaussian noise (AWGN) imposed on the spatial streams, respectively, and we have n i~N (0,1), i = 1,2. With the aid of the offline relative calibration technique that is used in the Argos prototype [28] , the channel reciprocity relying on time-division duplexing (TDD) can be used to obtain near-perfect channel estimation from limited number of pilot sequences. 
PERFORMANCE E
In LS-MIMO communication systems of HSR, the beamforming technique is mainly used to improve the throughput of downlink transmission. In this section, the proposed AAA based beamforming and some other benchmark beamforming schemes are analyzed and compared through analytical and simulation results.
For the proposed scheme, s 1 and s 2 are the crucial parameters representing the adaptation while R equals 1000m and s changes from d min to R when the train moves from the BS to the cell edge. When s is larger than a certain value, the IBA starts to increase rapidly. From then on, dual-beam beamforming will be ineffective.
of LS-MIMO
In order to improve the entire transmission performance while the train moves through the cell, we propose an AAA based beamforming scheme taking advantage of LS-MIMO. In the area close to BS, all the BS AEs are activated to generate two beams of highest resolution. As the IBA starts to experience obvious ups and downs, that is, when the distance s between the BS and the MRS is bigger than s 1 , only N min AEs of the BS are activated to satisfy the angular resolution requirement, since from then on the IBA is no longer a monotonically decreasing function of N. The proposed AAA scheme intends to achieve a tradeoff between high array gain and low IBA. When the IBA starts to increase monotonically, that is, when s is bigger than s 2 , dual-beam beamforming is no longer employed and the array switches to the single-beam beamforming with highest resolution. Assuming that the train goes through the whole cell at a constant speed, the instantaneous SE of different districts can be expressed as: (7) i refers to the instantaneous received SINR of Antenna i when BS generates beams i denotes the instantaneous received SINR corresponding to the case where BS activates N min AEs to generate beams. Additionally, , h and w refer to the normalized pathloss and shadow fading from the BS to the MRS antenna, the channel vector and the beamforming weight vecto, respectively, when the single-beam beamforming is 
of N min calculated from (3) is relatively small. The N max -dual-beam beamforming scheme benefits from the full BS antenna array and two orthogonal spatial streams in this district while N min -dual-beam beamforming scheme has smaller array gain. Hence, in District 1, the optimal scheme is N max -dual-beam beamforming scheme and its achievable SE is characterized as:
.
District 2:
In this district, the IBA of the N max -dualbeam beamforming scheme begins to aggravate in an obvious periodic manner and the amplitude becomes larger and larger. The increasing IBA will degrade BER and reduce the achievable SE. The N min -dual-beam beamforming scheme maintains very stable performance with the minimum number of active AEs to of array gain. Therefore, in District 2, the optimal scheme is N min -dual-beam beamforming scheme and its achievable SE is characterized by: (9) .
District 3:
In this district, the N min -dual-beam beamthreshold, the values of which are decided by the IBA. As seen in Fig.2 , the IBA of N max active BS AEs aided dual-beam beamforming scheme approaches zero in the area near to the BS. As the train moves away from the cell center to the cell edge, it suffers ups and downs and then turns to be intolerably high. This can be considered as the cost to maintain doubled data rate due to dual beams. Fig.3 compares the IBA in N max -dual-beam and N mindual-beam beamforming schemes, in which the dashed line refers to the former and the solid one denotes the latter. We can see that after the point of s 2 , the dashed and solid lines become identical since according to (3) N min has gradually increased to N max from then on. By comparison, it is shown that the IBA of the N max -dual-beam beamforming scheme is lower than 0.08 when N min <<N max , which corresponds to the district before s 1 . Hence, s 1 and
In this district, the distance between the antenna on the front of the train and the BS increases from d min to s 1 while the distance between the BS and the antenna on the tail of the district is very close to the BS, the difference between two directional cosines (i.e. cos( 1 ) and cos ( 2 )) is very obvious, thus the value The robustness against the DOA estimation error of these beamforming schemes can be evaluated by the achievable SE and the normalized SE loss. For the proposed scheme, different has different influence in each adaptation district. Some district is more sensitive to DOA errors as shown in the next section.
In this section, numerical simulations were conducted to evaluate the performance of the proposed scheme. R and d min are still set as 1000 m and 50 m. N is assumed to be up to 260 and the carrier frequency is set as 3.5 GHz [31] . Note that it is suggested that the carrier frequency of LS-MIMO might be increased to reduce the size of array [24] . As mentioned in Section III, with the internal relative calibration method [28] , near-perfect channel estimation can be achieved. Hence, for simplicity, we assume perfect CSI. The speed of the train is assumed constant at 100 m/s (i.e. 360km/h) track. With the speed and location information, it can also be assumed that the Doppler frequency offset estimation and compensation are perfect. Fig.4 and Fig.5 illustrate the performances of various beamforming schemes considered in terms of the time-average distance-related (TADR) BER and the achievable SE, respectively. The transmit SNR, s1 and s2 are 10 dB, 440 m and 612 m, respectively. In Fig.4 , the Nmax-dual-beam beamforming scheme has similar BER performance which is around forming scheme has identical performance to the N max -dual-layer beamforming scheme since all the AEs of BS have to be activated (i.e. N min =N max ) for satisfying the angular resolution requirement. However, the IBA of this scenario quickly becomes intolerable with the movement of the train which results in ineffective dual-beam beamforming. At this time, if one of the spatial streams is turned off (e.g. Antenna A) and the N max -single-beam beamforming is carried out, then at least it will benof the tradeoff between the IBA and the array gain, in District 3, the optimal scheme is the N max -single-beam beamforming scheme and its achievable SE is characterized by:
. (10) According to the advantages and disadvantages of the above schemes in different districts, the proposed AAA based beamforming scheme can always maintain a good and stable performance by always executing the optimal beamforming scheme in each district. Its achievable SE is characterized by:
, (11) where , and .
DOA estimation error
In HSR scenario, the speed and location information of the train is fed back to the BS via the CBTC subsystem which facilitates the DOA estimation. When there exists some error in location prediction, the DOA estimation will be affected, which in turn affects the accuracy of the beamforming weight vector w i . Assume the inaccuracy of DOA estimation in HSR communication system is the estimated DOA is , where is the true DOA. Since DOA is a crucial param-District 3, the proposed scheme employs the single-beam beamforming to reduce the BER from 10-1 to 10-2.
In Fig.5 , the advantage of the N max -dualbeam beamforming in terms of the achievable SE is very obvious in District 1, such as at the distance of 150 m, the achievable SE of the N max -dual-beam beamforming is twice of that of the N max -single-beam beamforming and about eleven times of that of the N min -dualbeam beamforming. When the train moves to District 2, the achievable SE of the N min -dualbeam beamforming gradually surpasses that of N max -single-beam scheme by more than 3bps/ Hz while the achievable SE of the N max -dualbeam beamforming aggravates rapidly and becomes the worst. After s 2 , serious IBA as well as the increased path loss make the dual-beam beamforming schemes invalid but the N maxsingle-beam scheme can maintain a 6.5 bps/ Hz achievable SE.
To verify the impact of DOA estimation error on the beamforming schemes, both the time-average distance-average (TADA) SE and the spectral efficiency loss ratio (SELR) are calculated when changes from 0 to 0.1, as shown in Fig.6 . In Fig.6(a) , the four schemes considered all experience SE loss when is larger than 0. In Fig.6(b) , the sensitivity to DOA errors of these schemes is demonstrated. It is obvious that the proposed scheme is more robust than the N max -dual-beam beamforming scheme which suffers 20% loss when the inaccuracy indicator is 0.1, while the SELR of the proposed scheme is 16%. For the N max -single-beam beamforming scheme, its achievable SE is always higher than that of the N min -dualbeam scheme by 3bps/Hz and its SELR is less than that of the N min -dual-beam scheme by 3~5%. Fig.7 describes the influence of different scheme. In District 1 and 2, the lower the inperforms. In District 3, the TADR SE of the becomes almost identical, which means in this district this scheme is not very sensitive to 10-2 as the single-beam beamforming scheme before s1 while the BER performance of the Nmin-dual-beam beamforming is higher than 10-2. In District 2, the BER of the Nmindual-beam beamforming improves steadily, but the BER of the Nmax-dual-beam beamhigher than 10-1. After s2, the dual-beam schemes suffer very high BER which makes the dual-beam beamforming ineffective. In be shorter than 330 m. Thus the number of BS AEs N should be at least 260 which corresponds to the setting of s 1 =381 m, s 2 =517 m, the carrier frequency 3.5 GHz and the length of the BS antenna array is 11.1 m. In the con-N is smaller than 260, the proposed AAA based beamforming scheme will not obtain the desired performance.
Finally, Fig.8 shows the relationship between the TADA SE and the number of BS AEs. For all schemes, the TADA SE increas-DOA estimation errors.
BS AEs
The proposed AAA based beamforming scheme is mainly decided by two parameters: s 1 2 , R], which means that, s 1 will trigger the proposed scheme to switch from the N max -dualbeam beamforming to the N min -dual-beam beamforming and s 2 will trigger the proposed scheme to switch from the N min -dual-beam beamforming to the N max -single-beam beamforming. Thus, s 2 can be calculated from (3) where N min on the left hand is set to the same value of N max . When it comes to s 1 , the IBA as shown in Fig.3 should be taken into consideration. The distance at which the IBA of the N max -dual-beam beamforming surpasses a taken as s 1 . For different values of N, when d min =50 m and R=1000 m, some empirical values of (s 1 , s 2 ) are shown in Table I .
In this The principle of the proposed AAA based beamforming is to make use of the N max -dualbeam beamforming as much as possible since it can provide both higher array power gain and higher multiplexing gain. When the IBA starts to fluctuate seriously or even becomes intolerable, the proposed scheme will switch from the N max -dual-beam beamforming to other suboptimal schemes. At the same time, we also aim to reduce the operating district of single-beam beamforming which is triggered by s 2 . Thus the larger the effective operating district of dual-beam beamforming is, the better the proposed scheme will perform. In the proposed scheme, we assume that the radius of the operating district of single-beam beamforming should not be longer than 500 m and the radius of the effective operating district of the N max -dual-beam beamforming should not 
C FUTURE WORK
This paper proposed an AAA based beamforming scheme for LS-MIMO aided communication systems of HSR scenario. To obtain both the array gain and the spatial multiplexing gain, all the AEs of the BS array are activated to form two beams serving antennas on the front and tail of the train respectively. However, it is observed that the closer the train moves to the cell edge, the higher the IBA will be. Thus, according to the IBAs of the N max -and the N min -dual-beam beamforming schemes, the whole district is divided into three districts. The proposed scheme activates different number of BS AEs and generates distinct number of serving beams in different district. Analytical and simulation results show that the proposed scheme not only has the best performance in terms of BER and achievable SE, but also has relatively higher robustness to DOA estimation errors. In our future work, the analytical results on the asymptotic SE of the dual-beam beamforming schemes under HSR scenario will be investigated. We will also extend the results presented in this paper to the more generalized multi-beam beamforming scenario.
es with N. The performance of the proposed scheme increases fastest among them. Moreover, the larger the N is, the more the pro- 
